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Abstract— In Crude Palm Oil (CPO) milling operations, the oil flow that has gone through separation process must be tested for its 
purity as wastes (e.g. palm oil mill effluent, water, sludge) tend to get carried along the process pipeline. At present, this procedure 
usually takes up to 5 days as samples of the flow needed to be verified biologically for its composition. Electrical Capacitance 
Tomography (ECT) systems that are able to provide the cross-sectional images of a closed content has proven the possibility of 
monitoring the composition of CPO flow in online manner. ECT systems are also able to provide other crucial flow information such 
as its velocity and flow regime that could help in controlling the processes. In this paper, a brief literature review of existing ECT 
systems are presented, then a conceptual design for developing an ECT system for visualizing and measuring CPO flow are presented 
along with the decision process of choosing suitable technique and hardware types for the new ECT system for CPO monitoring. A 
preliminary simulation study of the capability of the designed system to reconstruct images of water-oil flow phantoms is also 
presented. The simulation results show that the designed system is capable of reconstructing phantom images with error lower than 
30 %. 
 




Process tomography is a tomographic imaging technique 
that is able to provide cross-sectional images of the contents 
inside closed process pipes or reactors [1]. This technique is 
categorised into different system types where its difference 
depends on the type of sensors and principles used e.g. 
radiative [2]–[5], ultrasound [6], [7], ultrasonic [8]–[10], 
electromagnetic [11], [12], resistive [13]–[16] and capacitive 
sensors [17]–[20]. These different types of sensors provides 
different types of signal measurement which then will be 
processed and manipulated to provide concentration 
distribution of the materials inside the pipe. The materials’ 
concentration distribution is then used to reconstruct images 
that resembles pipe’s contents. Process tomography is a 
powerful tool especially for process engineer as it can 
provide crucial flow information such as flow’s 
concentration profile and velocity profile without the need to 
physically dissect the pipelines or disrupt the processes [21]. 
The obtained flow information can greatly aide in 
controlling process flow e.g. regulate an optimum flow 
speed, early detection of flow malfunction. 
Electrical Capacitance Tomography (ECT) system is a 
type of process tomography where its principle is to measure 
the permittivity of materials inside the pipe. Electrodes are 
placed around the pipe and capacitance values between 
different electrode pairs are measured. The capacitance 
values differs in accordance to the permittivity value of each 
dielectric material, thus  ECT system is reliable for 
differentiating materials of the pipe’s content and suitable 
for measuring multiphase flows [22]. ECT systems also 
offers many other advantages such as robustness against 
environmental noise and high measurement speed. ECT 
systems have been successfully developed and installed in 
various industrial applications [23]; oil pipelines [21], [24], 
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[25], chemical applications [26], [27], fluidized beds [28]–
[30], pneumatic conveying  and trickle bed reactors [31]. 
For an ECT system, its performance greatly depends on 
the number of measured capacitance values that effects the 
image resolution, as well as the signal processing speed [23]. 
Thus, a thorough literature study is crucial in order to select 
the most suitable technique and hardware for the ECT 
system. In literature, the highest reported speed for a 16-
electrodes ECT system is 200 fps with a standard deviation 
of 0.00018 and 79.8 dB signal-to-noise ratio (SNR) [32]. 
In this paper, the design process of developing a 16-
electrodes segmented ECT system for monitoring Crude 
Palm Oil (CPO) multiphase flow with reconfigurable 
controller board is presented. In CPO milling operations, the 
oil flow that has gone through separation process must be 
tested for its purity as wastes (e.g. palm oil mill effluent, 
water, sludge) tend to get carried along the process pipeline. 
At present, this procedure usually takes up to 5 days as 
samples of the flow needed to be verified biologically for its 
composition [33]–[35]. ECT’s ability to reliably visualise 
multi-phase flow can help in reducing the production time of 
CPO. A preliminary simulation study of the designed system 
in reconstructing images of different water-oil flow 
phantoms is also described. 
II. MATERIAL AND METHOD 
In this section, we discuss the design process of 
developing ECT system for visualising CPO flows. In 
general, an ECT can be divided into three main parts: 1) 
sensing system; 2) data control and acquisition system; and 3) 
image reconstruction system [36] as depicted in Fig. 1.  
In most of the existing ECT systems, the sensing system 
comprises of electrodes that can alternatively act as sensor 
source and detecting sensor. The number of electrodes varies 
from 8, 12, 16 or 32. Behind these sensing electrodes are 
capacitance measurement circuits that could measure 
capacitance values between different electrode pairs. In 
order to retrieve capacitance measurements, the electrodes 
will act alternatively as the source and detecting sensor. The 
source electrode receives an excitation signal from a signal 
generator and the detecting electrode will act as capacitive 
probe. The measurement data is then conditioned, filtered 
and amplified before transformed into digital form. 
The source/detector mode of each electrode is controlled 
by the data control and acquisition system. The digital data 
will be traditionally transferred to a PC where the image 
reconstruction algorithm will be performed and displayed. 
A. Electrode Number Selection 
An ECT is comprised of a number of electrodes. Reported 
ECT system is mostly comprised of 8, 12 or 16 electrodes. 
The size of each electrode is seen to decrease relatively to 
the growing number of ECT sensor electrode from 8, 12, 16 
or larger.  
A good compromise between image resolution and data 
acquisition speed is needed in order to select the suitable 
number of electrodes. A smaller number of electrodes means 
a reduced number of data acquisition channel thus 
simultaneously produces a faster data acquisition speed. 
However, it also means that less measurement data is 
retrieved which directly results in lower image resolution. 
Furthermore, if the number of electrodes is too high, the 
system’s complexity as well as its cost will increase [37].  
For a system with N number of electrodes, there are N(N-
1)/2 single electrode pairs which is also the number of 
independent capacitance measurement [38]. For this project, 
the electrodes are mounted around a 110 mm diameter pipe 
and the number of electrodes chosen is 16 and the number of 
independent capacitance measurement that will be provided 
is 120. 
B. Capacitance Measurement Circuit 
Although there exists many capacitance measurement 
circuits in the industry, measuring capacitance for an ECT 
system is known to be a difficult task as the circuit must: 
have high sensitivity for detecting very small capacitance 
change; and be immune to stray capacitance [39]. 
In [37], a comparison of capacitance measurement circuits 
for ECT which are charge/discharge, AC-based, impedance 
analyzer based. However, it is found that the 
charge/discharge and AC-based circuits are most suitable for 
the use of ECT systems [39]. 
A charge/discharge circuit offers simplicity and low cost 
as its advantage. In addition, this circuit is stray-immune, has 
high measurement resolution (charge injection does not 
affect the measurement) and high data acquisition rate (no 
filter is used) [18].  However, the coupling capacitance of 
CMOS switches which is relatively much larger than the 
measured capacitance will affect the measurement precision. 
In order to correct this, a careful selection of charge injection 




Fig. 1 Schematic representation of a typical ECT system 
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Fig. 2 shows an AC-based circuit. Vi(t) is sine-wave 
voltage source, Cx is the measured capacitance, Cf  and Rf are 
op-amp feedback capacitance and resistance respectively. 














Where ω is the angular frequency of the sine-wave 
voltage. The output of an AC-based circuit is an AC signal 
that is proportional to the measured capacitance in 
magnitude. The output AC signal is conditioned in order to 
produce a DC signal that represents the measured 
capacitance values. In order to simplify (1), a high frequency 











The excitation frequency is limited by the op-amp 
bandwidth. In [40], it is pointed that the frequency of source 
signal can be as high as 1 MHz. Although this circuit is more 
complex, it offers high SNR than the charge/discharge 
circuit. According to [38] and [41], the stray capacitances 
Cs1 and Cs2 are negligible making the AC-based circuit stray 
immune [37]. Thus, for this research, the AC-based 
capacitance measurement circuit is chosen. 
C. Signal Conditioning Circuits 
The input signal Vi(t) of the capacitance transducer is the 
sine wave generated by the function generator. Thus, the 
output signal Vo(t)  is a sine wave as well, whose amplitude 
depends on the unknown measured capacitance Cx. To 
obtain the value of this amplitude, the AC-to-DC converter 
is used where it is either a rectifier or a phase-sensitive 
demodulator (PSD) circuits. 
In the current existing project,  an absolute value circuit is 
used as AC-to-DC converter where its output is directly 
connected to the microcontroller whose internal analog-to-
digital converter (ADC) provides a digitized measurement 
for both Vi(t) and Vo(t) amplitudes from which the final value 
of the inter-electrode capacitance can be obtained. Therefore, 
the combination of classic AC-based capacitance transducer 
and absolute value circuit converter results in a stage that 
provides a DC output signal a direct relation to the unknown 
capacitance Cx, which can be easily digitalized and 
processed by the microcontroller.  
The absolute value circuit is subsequently combined with 
the first order low-pass filter to reduce noise and to get a 
clean DC output from the AC input voltage. To ensure that 
the signal voltage is in a measurable range, it must be 
amplified, thus a high-speed programmable gain 
instrumentation amplifier, PGA206 IC, is applied in the 





Fig. 2 AC-Based capacitance measuring circuit 
D. Data Control and Acquisition System 
In the current ECT system, a main control unit is used to 
synchronize all the operations on collecting measurement 
data and sending the data to a PC for image reconstruction. It 
is used to synchronize all the transmitted and received 
operations on sensor. The main controller unit consists of the 
microcontroller PIC18F4550, a function generator, a USB, 
and a switching circuit. It can collect the data of two-plane 
16 electrodes (up-stream and down-stream ECT sensor plane) 
in parallel. 
A total of 120 data are collected in each measurement 
cycle. Sending data to the PC in bulk is much faster than 
sending in byte. Thus, all the data are stored in memory 
before being sent to the computer for image reconstruction. 
Overall, the hardware is working standalone, which means 
that the main control unit oversees the whole process after 
receiving instructions from a host computer. The main 
control unit continuously controls the measuring operation, 
collecting data from electrode modules and sending data to 
the host computer for image reconstruction. 
From literature, it is reported that the speed and accuracy 
of the system could be significantly improved by replacing 
microcontrollers with an FPGA as the control unit. The ECT 
system uses 16 electrodes that alternatively act as sensor 
transmitter and receiver, the possibility of doing parallel 
operations using FPGA will greatly reduce the excitation and 
measurement cycle time of the 16 sensors by a maximum 
factor of 16. The delay introduced in different analog and 
digital components mismatch could also be eliminated as the 
single FPGA processor will use a global clock cycle [44]–
[46]. A comparison of the principal performance indicator of 
existing FPGA based ECT systems is depicted in Table 1. 
TABLE 1 
PERFORMANCE COMPARISON OF FPGA BASED ECT SYSTEM 
Previous ECT system SNR Frame rate (frames s-1) 
[47] 12-electrode sensor (2014) 59.03 dB 845 
[48] 12-electrode sensor (2012) N/A 1000 
[23] 12-electrode sensor (2011) 60.3dB 1542 
[45] 12-electrode sensor (2005) N/A 2439 
[49]16-electrode sensor (2017) N/A 16 949 
[50]16-electrode sensor (2015) N/A 8475 
[51] 16-electrode sensor (2011) N/A 300 
[52] 16-electrode sensor (2007) 60.4 dB 1000 
[32] 16-electrode sensor (2009) 79.8 dB 200 
[53] 16-electrode sensor (2008) 74 dB 150 
[54] 16-electrode sensor (2008) 76 dB 150 
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III. RESULT AND DISCUSSION 
A computational simulation software based on Finite 
Element Method (FEM), COMSOL Multiphysics is used in 
this project. FEM quantifies the sensor geometry into 
smaller elements and calculate the corresponding 
measurements of each finer elements. In order to analyse the 
capability of the designed system in the chosen dimension 
and sensor parameters, a simulation study on the system’s 
reaction when source electrode is injected with excitation 
signal were done. The signal received at the receiving 
electrodes is also recorded.  
The ECT system were first modelled using COMSOL 
Multiphysics in electrostatics module and stationary study 
mode. The ECT model ( 
Fig. 3) were drawn in accordance to the real hardware 
dimension and the parameters chosen are: 16 electrodes, 100 
mm inner pipe diameter, 110 mm outer pipe diameter, 20 
mm electrode width and 22.5˚ angular distance between 
electrodes. The material of the electrode sensors is copper 
and the material of the pipe is acrylic plastic. 
In the beginning, we simulate the system’s response when 
one electrode is injected with excitation source of 5 V. Three 
phantom flows of water (relative permittivity of 80.8) and oil 
(relative permittivity of 3) were used where the phantoms 
are: 1) pipe is filled with water (Fig. 4); 2) pipe filled with 
water and an oil bubble of 10 mm diameter (Fig. 5); and 3) 
pipe filled with water and an oil bubble of 20 mm diameter 
(Fig. 6). These phantoms of water and oil were chosen to 
represent the liquid waste in CPO flow. 
From Fig. 5 and Fig. 6 it can be observed that the electric 
field lines (in white) change in the presence and in 
accordance of the oil bubble. The electric field lines in Fig. 4 
follow a straight path from the exciting electrode to all 
receiving electrodes as there are no difference of permittivity 
value across the pipeline. In Fig. 5 and Fig. 6, the electric 
field lines curve around the oil bubble in accordance to its 
position and size as there are difference in permittivity value 






Fig. 3 ECT sensor model 
 
 
Fig. 4 Potential distribution and electric field lines of ECT system when the 




Fig. 5 Potential distribution and electric field lines of ECT system when the 
pipeline filled with water and contains oil bubble of diameter 10 mm in the 





Fig. 6 Potential distribution and electric field lines of ECT system when the 
pipeline filled with water and contains oil bubble of diameter 20 mm in the 






In an ECT system, the excitation sequence as well as its  
frequency and voltage level influence the accuracy of the 
measurement [55]. In previous ECT system the excitation 
signal is a sine wave of 5 V peak-to-peak amplitude and 500 
Hz frequency. However, when using FPGA as the controller, 
the excitation signal is limited to 3.3 V peak-to-peak 
amplitude. A simulation study of the ECT system using the 
new excitation signal is presented in this section in order to 
analyse the capability and performance of the FPGA based 
ECT system in measuring the capacitance value and 
reconstructing phantom images that were done using a Finite 
Element Method software named COMSOL Multiphysics 
and MATLAB. 
Two phantoms of water and oil were created in COMSOL 
and reconstructed in MATLAB using Linear Back 
Projection (LBP) algorithm. The two phantoms were applied 
with the two voltage levels in order to see the performance 
of the system. Image error is calculated for each image using 













Table 2 shows the results of reconstructed images of 
different phantoms when 5 V and 3.3 V of excitation signals 
are applied. The error difference between both potential 
signals is less than 5 % with 3.3 V signal providing more 
error. However, the error can still be considered low and 
tolerable. The error can be reduced by implementing a level 
converter between the FPGA and sensing module but the 
speed of the level converter needed to be chosen properly in 
order to maintain the high speed advantage provided by the 
FPGA controller.  
Fig. 7 shows the capacitance measurements on each 
receiving electrodes (electrode 2 to electrode 16) when an 
excitation potential is applied at electrode 1 with two 
different voltages (5 V and 3.3 V) in a water filled pipe. The 
measured capacitance when 3.3 V signal applied to the 
excitation electrode is lower than when 5 V voltage is 
applied. However, as stated in [55], the accuracy of the 
measurement does not only depends on the measured signal 
level but also to the uniform distribution of the signals. 
When 5 V signal is applied, the difference between the 
highest and the lowest signal received is 1.1 nF meanwhile 
the difference between the highest and the lowest signal 
received when 3.3 V signal applied is 7.23 pF. This shows 
that even though the level of measurements received with 
3.3 V signal is comparatively lower than 5 V signal, the 





Fig. 7 Capacitance measurement on each electrode when electrode 1 is 
excited with 5 V (blue) and 3.3 V (orange) 
 
TABLE 2 
RECONSTRUCTED IMAGES AND ERROR PERCENTAGE OF WATER-OIL PHANTOMS 















Error: 16.8 % 
 
























A conceptual design along with technique and hardware 
type selection for developing an ECT system for monitoring 
Crude Palm Oil are presented in this work. Preliminary 
results of ECT modelling were also presented and discussed. 
From the simulation study of designed system, it is observed 
that the system can perform in accordance to the principle of 
ECT system where it can differentiate materials of different 
permittivity values. The images reconstructed of the water-
oil flow phantoms from the simulation study show error 
percentage of 30 %.  In conclusion, the new design of ECT 
system is being considered to be implemented but the 
measurements level of the system needed to be improved 
with an additional level converter circuit. 
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